Context. With an orbital distance comparable to that of Saturn in the solar system, β Pictoris b is the closest (semi-major axis 9 au) exoplanet imaged orbiting a star. Thus it offers unique opportunities of detailed studies of its orbital, physical and atmospheric properties, and of disk-planet interactions. With the exception of the discovery observations from 2003 with NaCo at VLT, all following astrometric measurements relative to β Pictoris have been obtained on the southwestern part, which severely limits the determination of the planet's orbital parameters. Aims. We aimed at further constraining β Pictoris b orbital properties using more data, and, in particular data taken in the northeastern part of the orbit. Methods. We used the SPHERE instrument at VLT to precisely monitor the orbital motion of beta Pictoris b since 2014 (SPHERE first Light). Results. We could monitor the planet until November 2016, when its too short angular separation (125 mas, i.e. 1.6 au) prevented further detection. We re-detected β Pictoris b on the northeast side of the disk at a separation of 139 mas and a PA of 30
Introduction
With its imaged debris disk of dust (see Smith & Terrile, 1984 , for the discovery image), its evaporating exocomets (Kiefer et al., 2014, and references there-in) , and an imaged giant planet (Lagrange et al., 2010) , β Pictoris is a unique proxy for the study of the early stages of planetary system formation and evolution, when giant planets are formed, Earth-mass planets may be forming, and most of the proto-planetary gas has disappeared from the disk. Thanks to its proximity to Earth (van Leeuwen, 2007, distance = 19 .454 ± 0.05 pc) and to the β Pictoris b relatively short ( two decades) orbital period, detailed studies of its orbit, its physical and atmospheric properties are possible. The system also allows us to study the interaction between planet(s) and disks. β Pictoris b can for example explain several of (but not all) the dust disk morphology, in particular its inner warp, and some outer asymmetries (Lagrange et al., 2010) . β Pictoris b could also be the planet that triggers the infall and evaporation of cometary bodies Send offprint requests to: Anne-Marie Lagrange, e-mail: anne-marie.lagrange 'at' univ-grenoble-alpes.fr (exocomets) onto the star, provided it has a non-zero eccentricity (Beust & Morbidelli, 1996) . Last, β Pictoris b might be responsible for the photometric variations observed in 1981 (Lecavelier Des Etangs et al., 1995) and tentatively attributed to a planet transit (Lecavelier Des Etangs et al., 1997) .
Careful monitoring of the positions of the planet relative to the star (referred to as astrometric measurements) with NaCo at VLT constrained its orbital properties (Bonnefoy et al., 2014 , Chauvin et al., 2012 . Combining existing NaCo and GPI data, Wang et al. (2016) found a similar, yet slightly different orbit. Assuming that the peculiar photometric event observed in 1981 could be tracing the transit of β Pictoris b in front of the star, Lecavelier des Etangs & Vidal-Madjar (2016) identify a second family of orbital solutions: semi-major axis sma=13 au instead of 9 au i.e. period of 34 yrs instead of about 20 years, and e=0.3 instead of less than 0.1. Recently, using GAIA and HIPPARCOS, Snellen & Brown (2018) constrained the planet period to be ≥ 22 yrs, and a mass of 11 ± 2 M Jup , compatible with the constraints derived from radial velocity data alone (Lagrange et al., 2012b) , or by the combined analysis of direct imaging and radial velocity data (Bonnefoy et al., 2014) . β Pictoris b was discovered NE of the star on data obtained in 2003 with NaCo. All available images besides this discovery image, were obtained in 2009 and after, as the planet was orbiting SW of the star, after passing behind the star. The orbital plane is close to equatorial and the β Pictoris disk is seen almost edge-on. This geometrical configuration prevented to follow the planet when it was projected too close (typically less than 120 mas) to the star in direct imaging. Altogether, only about 50% of the planet orbit had been monitored thus far, including the 2003 epoch which suffers from relatively large uncertainties, thus limiting the precision on the planet orbital parameters. In this paper, we report a homogeneous set of SPHERE observations of the planet, and, in particular, its recent recovery in September 2018. The observations are described in Section 2, the results are shown and discussed in Sections 3 and 4.
Observations
High contrast coronagraphic SPHERE (Beuzit et al., 2008) observations were obtained between December 2014 and December 2016, and in September, 2018 using the IRDIFS mode. In this setup, both IRDIS and IFS (Claudi et al., 2008) instruments operate simultaneously. The data were obtained under various atmospheric conditions (see Table 1 ) within the H2 (λ c = 1.593 µm; ∆λ = 0.055 µm) and H3 (λ c = 1.667µm; ∆λ= 0.056 µm) narrow bands, except in Dec. 2014 for which we used K1 (λ c = 2.1025 µm; ∆λ = 0.102 µm) and K2 (λ c = 2.255 µm; ∆λ= 0.109 µm) narrow bands. The IRDIS images have a field of view (FoV) of ∼ 10" × 11", and a pixel size of 12.25 mas. IFS data were also recorded but they are not analyzed in the present paper. We used apodized Lyot coronagraphs that include either a (diameter) 185 mas focal mask (N ALC YJH S) or, when the planet was closer to the star, a smaller (145 mas) mask (N ALC YJ S), as well as a pupil mask (Carbillet et al., 2011) . All coronagraphic data were recorded in stabilized pupil mode so as to apply angular differential imaging (ADI) post-processing techniques to remove the stellar halo as in Marois et al. (2006) . Most coronagraphic data were also recorded while 4 satellite footprints of the point spread function (PSF) had been created by the instrument deformable mirror and were used for fine monitoring of the centering of the frames, and for photometric purpose. The FoV rotation during the coronagraphic observations varied between 16 and more than 53
• .
Each observing sequence was obtained with the following pattern: PSF -coronagraphic observations -PSF -sky. The PSF data correspond to non-saturated exposures of the star placed out of the mask and obtained using a neutral density filter. They are used to get a relative photometric reference and to estimate the image quality at the beginning and at the end of the observations. The sky data were recorded at the end of the coronagraphic sequence to get an estimate of the background level and hot pixels in the science images. Finally, an astrometric field (either Orion or 47 Tuc) was observed with IRDIS for each run (see Maire et al., 2016) ). In the case of Orion, the sub-field used was chosen to be part of the one considered with NaCo since 2008, to allow the best matching between NaCo and SPHERE astrometric calibrations. The pixel scales and North position are provided in Table 1 .
The data were reduced as described in Chauvin et al. (2017) and using the SpeCal tool developed for SPHERE (Galicher et al., 2018) . β Pictoris b is clearly detected in all images taken between 2014 and 2016, orbiting SW of the star at signal-to-noise (SNR) larger than 9. Fig. 1 shows images of the planet at various dates, and Table 2 provides the relative position of the planet with respect to the star 1 . The SNR is relatively poor in the last observation of 2016 (November), as the planet projected separation from the star is less than 125 mas ( 1.5 au only) and the contrast is about 9.5 mag, leading to larger error bars on its astrometry. To our knowledge, the planet has never been detected at such a close projected separation to the star. Then, the 2018 data clearly reveal the planet at 139 mas NE (P.A. = 30 degrees) from the star. Finally, Fig.2 shows the sum of 1 Note that the planet was hardly or even not detected in autumn 2016 with the TLOCI algorithm (Marois et al., 2014) , while it was detected using a principal component analysis (PCA Soummer et al. (2012) ) algorithm. Therefore, for consistency, all position measurements were obtained on PCA images. all SPHERE data; it clearly shows the elliptical nature of the projected orbit on the plane of the sky.
β Pictoris b orbit
With these additional SPHERE data, a larger part of the orbit is now sampled, as seen in Fig.3 . Using the positions of the planet relative to the star in these data as well as in the previously published NaCo ones (Bonnefoy et al., 2014 , Chauvin et al., 2012 , and a Markov-chain Monte Carlo (MCMC) Bayesian analysis technique described in Chauvin et al. (2012) , we derived the probabilistic distribution of orbital solutions. The results are shown in Fig. 4 . On Fig. 5 are shown for comparison the parameters deduced with and without the September 2018 data to illustrate the importance of this post conjunction detection to constrain the planet's orbital properties.
The semi-major axis of the planet is now constrained at 9.0 ± 0.5 au (1 σ), compatible with that reported in Bonnefoy et al. (2014) . Such a value definitely excludes the long period solution proposed by Lecavelier des Etangs & Vidal-Madjar (2016) that assumed a transit of the planet in 1981. Snellen & Brown (2018) predicts a period larger than 22 yrs, while the period derived from the present work is rather 20 yrs. We note however that the result from the Snellen & Brown (2018) relies on the assumption that there is only one planet around β Pictoris , which is not necessarily correct. Finally, given the present values, the 2017 conjunction took place in 2017.74 ± 0.07, and the next one will happen in 2038.15. The solution also favors a very low (∼ 0.02), but nonzero eccentricity for the planet. A non-zero eccentricity is needed for the planet to be responsible for the observed Falling Evaporating Bodies (FEBs) events (Beust & Morbidelli, 1996) . We note that in the latter paper, the assumed planet mass was smaller than that derived by Snellen & Brown (2018) . Detailed simulations are needed to check whether a massive planet with a small eccentricity can sustain cometary infalls at the age of the system. Finally, thanks to the IRDIS large FoV, it is possible to detect on the same image the disk and the planet. The SPHERE data confirm the conclusions reached in Lagrange et al. (2012a) , stating that the planet projection is between the main disk and the warp.
Concluding remarks and perspectives
Thanks to the sensitivity of SPHERE, β Pictoris b could be followed down to 125 mas from the star in projected separation. The last data reveal the planet in the NE side of the star, for the first time since its discovery. Its last detection was in November 2016 and the re-detection in September 2018. Given the observed data, the semi-major axis of the planet is well constrained to 9.0 ± 0.5 au (1 σ), its eccentricity to 0.02 (less than 0.07), and its inclination to 89.3 degree. The data exclude that the planet could have been responsible for the 1981 photometric event. More data in the NE part of the disk will allow further refining the planet orbital properties. Further work will include the combination of these new, crucial astrometric data points with our latest radial-velocity measurements and, if possible, to GAIA and HIPPARCOS to refine the dynamical mass of the planet. From an instrumental point of view, the 
